Abstract. This paper reports on experimental observations on TCV with a scan in upper triangularity δup, including negative triangularity, focusing on the power fall-off length λq in L-Mode. The upper triangularity is scanned from -0.28 to 0.47. Smaller λ out q is measured at the outer divertor target for decreasing δup together with higher edge temperature T e,edge leading to increased confinement. This effect is observed for both magnetic drift directions for discharges in deuterium and helium. In helium larger λq values are observed compared to deuterium. The power fall-off length at the inner divertor target λ in q has a non monotonic behaviour with changing triangularity. The largest values are around δup = 0. The ratio λ in q /λ out q increases for decreasing δup for positive triangularity and is approximately constant for negative triangularity. λ out q is compared to available scaling laws. Partial agreement is only observed for a scaling law containing a proxy for T e,edge at ASDEX Upgrade [Sieglin, PPCF 2016]. Extending this scaling to TCV and using T e,edge at ρ pol = 0.95 suggests that λ out q is independent of machine size λ for decreasing δup is a reduction in turbulence or a direct effect of increasing T e,edge .
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Introduction
Understanding and controlling power exhaust is an active area of research in the tokamak community. Divertor heat loads in next step fusion devices like ITER are expected to be close to or exceeding material limits [1, 2] making significant impurity seeding necessary, the amount depends on the scrape-off layer width [3, 4] . Though scaling laws for inter-ELM transport are well accepted, an agreed physics picture of near scrape-off layer transport is under discussion. This paper reports on experimental studies aiming at (i) understanding the effect of plasma shaping and reversing toroidal magnetic field polarity to support further theoretical work, e.g. the importance of drifts and turbulence on scrape-off layer heat flux and (ii) scaling the effect of negative triangularity for accessing the reactor design with negative triangularity [5, 6, 7] . The Tokamakà Configuration Variable (TCV) [8, 9] is able to achieve a large variety of plasma shapes due to 16 independently powered poloidal field coils and an open vessel geometry. TCV is commonly used to investigate shaping effects, e.g. plasma triangularity δ, and alternative divertor configurations in view of DEMO. The machine is equipped with carbon plasma facing components. Recent power exhaust studies in TCV feature a variety of shaping and higher order null configurations (e.g. snowflake) are discussed in [10, 11, 12] . The effect of divertor leg length on the heat flux profile is discussed in [13, 14, 15] . This paper focuses on the effect of plasma triangularity on heat flux on both divertor targets for a single null configuration with particular emphasis on negative triangularity. A triangularity dependence of the power fall-off length λ q in combination with reversed toroidal field has been observed in ASDEX Upgrade [16] . Negative triangularity has been investigated in TCV [17, 18] and reactor studies [5, 6, 7] . Such investigations showed increased energy confinement with negative triangularity in low [19] and medium [20] density plasmas, explained by a reduction of turbulent transport [21] . A second aspect of the presented study is the influence of the ion ∇ B drift direction on scrape-off layer transport. Heat flux studies with reversed field, i.e. reversed ∇ B drift direction, were performed in, e.g., ASDEX Upgrade [22, 23, 16] , EAST [24, 25] and JET [26] and demonstrated the importance of vertical drifts in determining the heat flux profiles. The third objective is to study the influence of the main ion species on the power fall-off length λ q . This is experimentally tackled by comparing deuterium and helium plasmas. A larger λ q is reported for ASDEX Upgrade [27] and JET [28, 29] operating in helium compared to deuterium. The paper is organized as follows: the database and global discharge parameters including experimental correlations between upper triangularity δ up and selected edge parameters are presented in section 2. In section 3 experimental heat flux analysis from IR are shown for the outer and inner target. The experimental results are discussed in section 3 with a comparison to available scaling laws, predictions from the heuristic drift-based model by Goldston [30] , turbulent transport [31] as well as implications for a negative triangularity reactor design. Summary and conclusions are given in section 5.
Upstream and target conditions as function of upper triangularity
The database used for this study consists of ohmically heated L-Mode discharges, in deuterium (D) and helium (He) in standard lower single null divertor configuration. For each main ion species, discharges with both toroidal field directions were performed. A negative (positive) toroidal field corresponds to the downwards (upwards) ion drift direction and will be referred to as favourable (non-favourable) drift direction towards (away from) the X-point, fav (non). The direction of plasma current is changed together with the magnetic field direction to keep plasma helicity. The range of global plasma parameters is shown in table 1. Absolute values of plasma current and toroidal magnetic field are 240 kA and 1.43 T, respectively. Plasma current and toroidal magnetic field are 240 kA and 1.43 T, respectively. The direction of plasma current is changed together with the magnetic field direction to keep plasma helicity. Plasma shape for both species is altered by scanning upper triangularity δ up between -0.28 and +0.47 (+0.60 for helium and non-favourable drift direction). The plasma separatrix given by the magnetic equilibrium reconstruction code LIUQE [32] together with profiles of parallel connection length in the scrape-off layer to each target for four discharges are shown in figure 1 . The lower part of the magnetic configuration is not changed, keeping the divertor geometry fixed. While the connection length between outer mid-plane and outer target is not changing during the δ up scan, the connection length to the inner target varies mainly because of the decreasing distance, mapped to the outer mid-plane, between the active (lower) and non-active (upper) X-points. The vertical lines in figure 1(b) and figure 1(c) mark the position (R − R sep = 5 mm) at which the parallel connection length L OMP is taken in further discussions. L OMP is taken 5 mm away from the separatrix in the scrape-off layer where the length does not change significantly anymore with increasing distance [14] , except for discharges with the secondary X-point at a poloidal flux surface close to the separatrix. This choice is further motivated by the smallest power fall-off length λ during discharges but varies between discharges. The density is kept low enough to be fully attached (peak target electron temperature above 10 eV) but high enough to avoid strong MHD activity. The line averaged electron density n e,avg ranges between 4 -8 ·10 19 m −3 with on average larger values for helium plasmas compared to deuterium (figure 3(c)). The power crossing the separatrix P SOL is estimated by subtracting the radiated power in the confined region P rad,main deduced from tomographic inversion of bolometry [33] from the ohmic power P ohm from the equilibrium reconstruction code LIUQE [32] . P SOL is in the range of 200 ± 50 kW for all discharges in this database without correlation to δ up .
Edge electron temperature T e,edge is measured using a Thomson scattering system (TS) [34] . The value at ρ pol = 0.95 is chosen as representation of the edge electron temperature of an L-Mode plasma, deduced from a linear fit to the plasma edge profiles within a time period of 200 ms with constant plasma parameters [35] . A clear correlation between T e,edge and δ up is shown in figure 3 , which is independent of main ion species. However, the non-favourable drift direction exhibits higher T e,edge at similar δ up . Since, as mentioned before, P SOL does not change in the database, the dependence of T e,edge on δ up may indicate that the energy transport of the plasma decreases with decreasing (or negative) triangularity, consistent with previous studies [20, 19, 21] . The stored energy W MHD increases for decreasing triangularity, too. The variation at fixed δ up is mainly due to the plasma density, varying about a factor of two between individual discharges (figure 3(c)). The variation in δ up changes q 95 and correspondingly connection length in the scrape-off layer. Connection length The temperature evolution of both strike zones is measured using two infrared (IR) thermography systems [14] . Heat flux is calculated using the THEODOR code [36, 37] . Target electron temperature T e,t and density n e,t are estimated using Langmuir probes (LP) [38] . A power balance between P ohm and sum of total radiated power from bolometry, P rad,tot , and power to inner and outer divertor target plate, P in and P out , calculated from profiles measured with the IR system, is shown in figure 5(c) depending on δ up . The power balance is in the range of 70-90 % except for the highest positive δ up cases for which, being very close to double null, part of the power is deposited at nonmonitored areas. The power on outer and inner target is shown in figure 5 (a),(b) with no clear correlation with δ up . It is seen that more power flows to the outer target, which is in line with previous studies [22, 26, 14] .
In figure 6 peak target electron temperature for both outer, T out e,t , and inner, T for the database, assuring attached conditions. For this reason data for the inner target are excluded from two discharges since there T in e,t < 10 eV.
Divertor heat flux characterization
The heat flux profile at the divertor target is described by the 1D diffusive model presented in [29] :
with s target location, S divertor broadening, λ q power fall-off length, f * x poloidal (effective) flux expansion between outer mid-plane and target and q 0 unbroadened peak heat flux density at the strike line position (s = 0). Typical heat flux profiles for inner and outer divertor target are shown in figure 7 . The solid line represents a fit using (1) and corresponding values for λ q and S are presented. The flux expansion is calculated from equilibrium reconstruction.
The values for λ q in the following are calculated using the method described in ref. [14] : The heat flux profile is mapped onto flux labels, converted into real space coordinates of the outer mid-plane. They are fitted afterwards, directly obtaining (upstream) λ q . In order to distinguish values measured at outer and inner target the notation λ previous results, typically using λ q for the value measured at the outer target. The profiles for both targets are mapped to the outer mid-plane to have a common reference point. Single heat flux profiles are fitted for every 5 ms and the values averaged over typically 200 ms (40 profiles) for each discharge. Error bars are omitted in most figures for clarity. Asymmetries for λ q have been reported in previous studies at e.g. ASDEX Upgrade [22, 16, 39] , JET [26] and TCV [14] and are discussed separately. depending on δ up for deuterium and favourable drift direction. They appear to diverge for δ up > 0 and behave mostly indifferent for δ up < 0.
Further correlations of λ q

Magnetic drift direction
The drift direction does not display notable influence on λ Edge safety factor q 95 Dedicated discharges with lower κ are performed to vary q 95 independently of δ up , presented in table 2. This is aiming at a distinction between the effect of δ up and q 95 on λ q . The change of q 95 at fixed δ up does not affect λ out q outside of error bars. A change of δ up at fixed q 95 on the contrary leads to a change of λ out q . For λ in q no correlation outside the experimental uncertainty is found for this subset of discharges. Since no TS data is available for discharge 52355, no discrimination is possible between q 95 and δ up for T e,edge effects in this data set. with increasing connection length L out OMP to the outer target by shifting the vertical position of the magnetic axis and hence increasing the distance between X-point and outer target [13, 14] . Since L out OMP is fixed in our study, the variation of λ 
Main ion species
Helium shows on average larger values for λ out q compared to deuterium, in line with ASDEX Upgrade L-Mode [27] and JET H-Mode [28, 29] observations. For λ in q no difference is observed outside experimental uncertainties. Edge electron temperature T e,edge
In figure 10 
Discussion
Comparison to empirical scaling laws
Available scaling laws for λ out q in H-Mode based on a multi-machine database (not including TCV) show that the poloidal magnetic field at the outer mid-plane B OMP pol is the main quantity determining λ out q [40] . The database discussed in this paper has a fixed plasma current and variations of B pol due to the plasma shaping of less than 15%. Although a multi-machine scaling for inner wall limited plasmas has been recently published [41] , no multi-machine scaling for diverted L-Mode exists up to now. However, a scaling law for JET and ASDEX Upgrade was presented by Scarabosio et. al. [42] : is about twice that of the HMode scaling [42, 16, 39] , we also compare the database to the scaling law presented by Eich et. al. [29] with an additional pre factor of 2.
0.02
The measured values versus these scaling law predictions are shown in figure 11 . All three scaling laws, using global discharge parameters, disagree in absolute magnitude as well as in the increase of λ out q with increasing δ up . Using an additional pre factor of 2 for the multi-machine H-Mode scaling (2) as well, shown in figure 11(a) with a blue line, matches about the average value for deuterium. Note, that the databases used for this scaling laws do not contain dedicated triangularity scans. A more recent study at ASDEX Upgrade by Sieglin et. al. [39] revealed that λ L-Mode is dependent not only on B pol but also on stored energy W MHD , edge electron densityn e,edge and main ion mass A (in atomic units u): and minor radius a. The dependence on W MHD /n e,edge is interpreted to be a dependence on T e,edge [39] . The edge density is measured with the edge channel of the interferometer in this ASDEX Upgrade study. A linear correlation between W MHD /n e,edge /V and T e,edge is shown in figure 12 for the presented TCV database with V being plasma volume. The plasma volume is not changing significantly for the presented database for TCV but is used to keep the same physical dimension and account for the size dependence of the stored energy. We generalize the ASDEX Upgrade scaling by using T e,edge instead of W MHD /n e,edge . The pre factor is adapted using a linear regression between T e,edge at ρ pol = 0.95 and W MHD /n e,edge for the ASDEX Upgrade database.
The unknown major radius R dependence (R x ) due to the single machine scaling law is explicitly taken into account. The exponent of the major radius R is found to be -0.03 in order to match the absolute values for deuterium with favourable drift direction in our TCV database using the same exponents otherwise, see figure 13 .
The pre factor contains the value of R 0.03 AUG . Deuterium discharges with non-favourable drift direction are about 22 % lower than the scaling prediction. Helium discharges with favourable (non-favourable) drift direction are about 15 % (55 %) above the scaling predictions. A scaling based uniquely on global machine parameters, e.g. B pol , is not able to reproduce the variation of λ out q with the measured factor of four in this L-Mode TCV database. The R −0.03 dependence is in line with multi-machine regression results for H-Mode as well as the L-Mode scaling for JET and ASDEX Upgrade. However, one has to be careful when extrapolating from (7) to different devices because the parameter range, especially for B pol , in the ASDEX Upgrade data base is limited, see [37] . In order to improve this scaling, re-analysis by collecting multi-machine data is needed. Especially data from JET is essential to be able to extrapolate towards larger machines like ITER. However, this multi-machine analysis is outside of the scope of this paper, which provides a first hint towards the underlying mechanism for the L-Mode power fall-off length λ q .
Turbulent transport
The enhanced energy confinement with negative triangularity has been reported to be caused by reduced turbulent transport in the confined region [17, 18, 21] . This is in line with the increased T e,edge and stored energy W MHD at constant heating power in the presented TCV database. Recently, reduced turbulent transport has been reported for the scrape-off layer in elongated limited plasmas with negative triangularity using linear and nonlinear simulations [31] . This is in qualitative agreement with the observed decreasing λ . The ASDEX Upgrade data is taken from [39] .
turbulence and its link to λ q in diverted plasma configurations. The experimental data does not allow to distinguish if the triangularity directly effects λ q or indirectly by changing T e,edge due to the correlation between δ up and T e,edge .
Negative triangularity reactor
A negative triangularity reactor concept has been discussed in recent years, e.g. [5, 6, 7] . One of the key advantages of such a device is the possibility of the divertor region being at a larger major radius R div and with this having a larger toroidal divertor extent (2πR div f tor , with f tor toroidal wetted fraction) for heat exhaust. The wetted area A is:
with λ int,t being the width of the profile at the divertor target. For an attached, conventional divertor using the heat flux characterization presented in (1), the target fall-off length is given by [43] λ int,t = f *
In the presented study the lower triangularity was kept constant in order to keep the divertor geometry constant, thus, R div was unchanged. However, λ out q decreased for decreasing δ up . This potentially counteracts the beneficial effect of negative triangularity leading to a larger R div with decreasing δ low . Additionally, a narrower scrape-off layer decreases the capability to radiate power by impurity seeding in the scrape-off layer. Our experiments, however, may not be fully representative for a plasma shape with both, negative upper and lower triangularity. Future studies with similar experiments but changing also the lower triangularity are needed in order to investigate the effect of both triangularities and the increased toroidal divertor extent.
Comparison to heuristic drift-based model
A prominent edge heat transport model is the heuristic drift-based model by Goldston [30] . This model predicts, independent of the actual value for the parallel flow velocity, a ratio of inner and outer power fall-off length λ q of (equation (21) from ref. [16] ):
were 'x' denotes upper or lower triangularity, dependent on the vertical drift direction of electrons or ions. Here it is assumed that T e at the outer and inner mid-plane separatrix position are equal as well as that the averaged parallel flow velocity is the same. Figure 14 shows the comparison between (10) and the ratio of the power fall-off lengths, using the upper triangularity for δ x . For positive δ up the ratio increases for decreasing δ up , saturating at a value around 0.7 for negative δ up . The data for δ up > 0 shows agreement to the prediction using δ up . A drift-based model, as discussed here, predicts changes with the vertical drift direction. Using for both field direction either ion or electron drift direction in (10) results in diverse defining triangularity. This is in contrast to the measurement, the ratio between inner and outer λ q shows no clear difference between the two field directions. For both field directions the ratio changes with the upper triangularity. 
Conclusions
Shaping the plasma boundary can change the power fall-off length beyond established empirical multi-machine scaling laws typically using global plasma parameters without dedicated shaping scans. Extending an L-Mode scaling law from ASDEX Upgrade [39] reveals a dependence on edge electron temperature T e,edge in both machines and no explicit size dependence. Changing the upper triangularity leads to changes in confinement as well as the power fall-off length in the presented TCV L-Mode database. Enhanced energy confinement at negative triangularity, explained by a reduction of turbulent transport in the confined region [21] , is confirmed. The effect of triangularity on scrape-off layer turbulence could be a possible explanation for smaller λ out q for decreasing δ up , in qualitative agreement with turbulence simulation in limited plasmas [31] . Helium discharges exhibit a larger λ q compared to deuterium, in line with previous studies on JET [28, 29] and ASDEX Upgrade [27] . Reversal of the vertical drift direction has no significant influence on both, λ out q and λ in q , in the presented database. The power fall-off length measured at the inner divertor target exhibits a non monotonic behaviour for changing δ up . For δ up ≈ 0 the largest λ in q are obtained. The asymmetry between inner and outer λ q is compared to an interpretation [16] of the heuristic drift-based model [30] . Especially for negative δ up no agreement is found. Considerations of a negative triangularity reactor due to reduced core turbulence and larger major radius of the divertor R div are using λ q from scaling laws deduced from positive triangularity discharges. The effect of a potentially smaller λ q for negative δ needs to be taken into account for an overall assessment of such novel configurations. Further studies are needed to assess the effect of changing the connected, lower triangularity in order to increase R div .
